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ACRONYMS AND ABBREVIATIONS

EXECUTIVE SUMMARY
This report has been prepared for the Joint Project Manager for Protection (JPM-P) of the Joint Program Executive Office for Chemical and Biological Defense Programs (JPEO-CBD) to document the risk management strategy adopted to prioritize and assess the potential percutaneous hazard of industrial chemicals to the warfighter.
The Naval Research Laboratory (NRL) developed this prioritization using the scoring algorithm they derived and tested and the Industrial Chemical Assessment (ICA) database they created in 2008 (published in 2010) . For the present study, NRL assessed 333 of the chemicals in the original NRL ICA database -those for which percutaneous toxicity data is available -and also expanded this primary list of chemicals to include those in the Department of Homeland Security's "Chemicals of Interest" list (6 CFR 27, Appendix to Part 27). This added 221 more chemicals to the original list of 333. However, percutaneous toxicity data could be found for only 62 of the additional chemicals, bringing the total number of chemicals in the Percutaneous Toxicity portion of the updated database to 395. The database containing the chemical and scoring data used to assess the percutaneous hazard is detailed in this report's Appendix.
Many of the chemicals newly added to the database are fuels and explosives, which score low due to their reactivity, or specialty chemicals, which score low due to their low relative probability score. Compared to the previous (2010) analysis, the Critical Hazard Chemical List grew from 26 chemicals to 28 chemicals. However, after further downselection through class-based and reactivity analyses, the final High Priority Hazard List did not change from that in the previous analysis. Table E1 shows, in alphabetical order, the six high priority percutaneous hazard chemicals. It is important to note that this is not a threat list. These chemicals have been selected, through the prioritization process, as representative chemicals for research, development, test, and evaluation since it not possible to test against all of the thousands of potentially hazardous industrial chemicals. Crucial to this prioritization is NRL's development and implementation of a class-based analysis to ensure that the threat of industrial chemicals is comprehensively assessed. Follow-on test and evaluation will be used to evaluate this list to confirm the validity of the class-based analysis used in the assessment and, if possible, further downselect these chemicals.
This study focuses on the percutaneous military hazard of industrial chemicals. This effort also lays out a common approach for assessment of other hazards such as inhalation and ocular, oral, explosive, and radiological military hazards, which will be documented in follow-on reports.
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INTRODUCTION
This report has been prepared for the Joint Project Manager for Protection (JPM-P) 1 of the Joint Program Executive Office for Chemical and Biological Defense Programs (JPEO-CBD) to document the risk management strategy adopted to prioritize and assess the potential percutaneous hazard of industrial chemicals to the warfighter.
In 2008, the Naval Research Laboratory (NRL) was contracted by JPM-IP to analyze existing toxic industrial chemical (TIC) assessments, such as the International Task Force (ITF)-40 report, 2 and if necessary, co-develop an alternative approach to provide a comprehensive list of TICs that takes into account flammability, reactivity, and the different classes of chemicals in the world. The purpose was to develop a scientifically based prioritization of chemicals that selects a representative list of industrial chemicals for research and development (R&D) and test and evaluation (T&E) for chemical/biological defense systems.
NRL, in coordination with JPM-IP, compiled a database of 430 principal industrial chemicals and developed a scoring algorithm that allows for a documented, repeatable, systematic prioritization of these chemicals. This database and prioritization are called the NRL Industrial Chemical Assessment (NRL ICA).
3 As part of this prioritization, a class-based analysis was used as a key risk mitigation strategy. The class-based analysis, defined by strict chemical terms relating to the formation or breaking of a chemical bond, was used to group like chemicals into representative classes, mitigating the risk of encountering chemicals in the operational environment that have not been assessed.
For the present study of percutaneous hazards, 333 chemicals in the primary NRL ICA database were assessed, based on the availability of percutaneous toxicity data. In addition, the database was expanded to include the Department of Homeland Security's "Chemicals of Interest" list. 4 Percutaneous toxicity data could be found for only 62 of the 221 additional chemicals, bringing the total number of chemicals in the Percutaneous Toxicity portion of the updated database to 395 chemicals. This report documents the prioritization process using the updated list of chemicals. The chemical and scoring data are detailed in the Appendix.
Many of the newly added chemicals are fuels and explosives, which score low due to their reactivity, or specialty chemicals, which score low due to their low relative probability score. Therefore, even with the additional 62 chemicals, the critical hazard chemical list (discussed in Section 2.2) has grown only from 26 chemicals to 28 chemicals compared to the list derived in the previous (2010) NRL assessment of TICs, and after class-based analysis and reactivity assessment, the final high priority list (discussed in Section 2.4) does not change from that derived in the 2010 analysis.
This study focusing on the percutaneous military hazard of industrial chemicals lays out a common approach for assessing other hazards such as inhalation and ocular, oral, explosive, and radiological military hazards. These will be documented in follow-on reports.
THE NRL ICA PRIORITIZATION PROCESS
The prioritization methodology developed in 2008 by NRL and JMP-IP includes criteria to account not only for toxicity but also for the environmental behavior of industrial chemicals. Previous efforts to assess the threat of industrial chemicals, such as the ITF-40 and its predecessor, the ITF-25, did not adequately discriminate between toxic threats and explosive/unstable hazards, so do not adequately describe industrial chemicals for the purposes of chemical/biological defense programs.
The NRL/JPM-IP prioritization approach consists of the following steps:
Step 1: Development of the NRL ICA database
Step 2: Generation of a Critical Hazard List
Step 3: Class-based analysis of prioritization results
Step 4: Downselection to a High Priority Hazard List These steps are discussed in detail in the sections that follow. Figure 1 illustrates the overall process. 
Development of the Database
Because an analysis of the ITF-40 database revealed missing or incorrect data, the NRL ICA developed a new, comprehensive database, which for the percutaneous hazard assessment contains 395 chemicals. Included in the NRL-ICA database are the raw data required to perform the prioritization (see the Appendix). The primary chemical data sources are the U.S. Environmental Protection Agency (EPA)/National Oceanic and Atmospheric Administration (NOAA) Computer-Aided Management of Emergency Operations (CAMEO) program, version 1.2.2, and the Registry of Toxic Effects of Chemical Substances (RTECS) database (2009). When necessary, this data is augmented by the 2007 Merck Index and peer-reviewed scientific literature. Chemicals are scored/prioritized according to their toxicity, stability, physical state, and production and distribution characteristics.
Toxic (Operational) Hazard Score
Each chemical is given a score from 0 to 5 as a means of ranking its toxicity, stability, and physical state. These scores are then combined to generate the Toxic (Operational) Hazard Score, which ranges from 0 to 15. The dermal toxicity of each chemical is based on dermal Lethal Dose (LD) 50 data in mg/kg from the RTECS database. Because much of the data available is for rats, this is selected as the primary animal data source. When rat data is not available, the selection protocol is the following: rabbit, then mouse, then guinea pig, then LD 50 subcutaneous, then LD 50 intraperitoneal, and then LDLo dermal. These toxicity values are plotted on a logarithmic scale and scores are assigned ranging from 0 to 5, where 5 is the most toxic. Table 1 shows the scoring criteria. Dermal Toxicity < 10 5 10 < Dermal Toxicity < 100 4 100 < Dermal Toxicity < 1000 3 1000 < Dermal Toxicity < 10,000 2 10,000 < Dermal Toxicity < 100,000 1 100,000 < Dermal Toxicity 0
One critical aspect not assessed by previous efforts to determine the percutaneous hazard of industrial chemicals is the ability of a chemical to cause dermal corrosion. Dermal corrosion is defined by the EPA as the ability of a chemical to rapidly cause second-degree burns. The Appendix lists and scores some of the most corrosive and commonly found chemicals. In the database, those chemicals deemed a corrosive hazard are not given a dermal toxicity score based on dermal LD 50 values, but are instead given a score based upon their ability to rapidly corrode skin. For clarity, these dermal corrosion scores are highlighted in pink in the database (see the Appendix). Table 2 details the scoring protocol for dermal corrosion. Corrodes skin < 1 5 1 < Corrodes skin < 10 4 10 < Corrodes skin < 100 3 100 < Corrodes skin < 1000 2 1000 < Corrodes skin 1
Stability Score
Chemical stability scoring is used to assess reactivity and flammability of a chemical. Highly reactive or flammable chemicals receive a low score. The basis for this scoring is that high reactivity and flammability pose less of a toxic hazard and more of an explosive hazard.
Reactivity is considered because an industrial chemical may react with the atmosphere or with water present in the atmosphere, and then either decompose, as in the case of diborane, or change to an alternate threat, as in the case of phosphoryl chloride, which generates an inhalation hazard of hydrogen chloride. Flammability is also considered since highly flammable chemicals represent more of an explosive hazard given the multiple ignition sources in the operational environment. An example of this is ethylene oxide, whose explosive potential has been used in the battlefield in the form of fuel air bombs.
The chemical stability score is calculated using the National Fire Protection Association (NFPA) reactivity (R) and flammability (F) values. The NFPA values of flammability and reactivity increase as the reactivity and flammability of a chemical increase; therefore, in the prioritization process, reactivity and flammability values are placed on an inverted scale to agree with the assessment that increased flammability and reactivity should decrease the toxic operational score of a chemical. Because toxicity is assessed on a 5-point scale, the NFPA values are also placed on a 5-point scale. This scoring protocol is shown in Table 3 and Table 4 . The stability score of each TIC is calculated by averaging the flammability and reactivity scores. 
Relative Probability Score
One of the most problematic aspects of assessing the potential hazard of industrial chemicals in the operational environment lies in the great uncertainty surrounding the global chemical industry. Although there are several databases that allow an estimation of how much of a certain chemical is manufactured, these consist of only voluntarily submitted data with no follow-on inspections to verify the data. Since a detailed, thorough inspection of each chemical plant is not feasible, there remains a significant degree of uncertainty in determining the exact probability of encountering any one chemical. Therefore, a pseudoprobability function based on the production amount and distribution of a chemical is used to determine a total probability score. To represent global production amounts of a chemical, the total number of countries producing a chemical is used. To estimate the global distribution of a chemical, the total number of reported distribution sites for a chemical is used.
Here, data from the Directory of World Chemical Producers (DWCP) is used to determine both production and distribution scores. These two scores are then added to form the Relative Probability Score, which ranges from 0 to 10.
Global Production Score
The global production score is used to account for the bulk quantities of TICs being produced. The data regarding the number of countries involved in the production of a specific TIC is maintained in the DWCP and is used to assign a production score from 0 to 5, as shown in Table 6 . 
Global Distribution Score
The global distribution score is based on the number of global production and distribution sites appearing in the DWCP. This approach ensures accountability for the higher availability of certain chemicals regardless of the quantity produced. The scoring criteria are shown in Table 7 . 
Threat Score
A separate threat score is developed to account for actual incident data or other threat information for particular TICs. This score is placed in the probability section of the database but is not used to determine the Relative Probability Score, due to the subjective nature of this data.
Generation of the Critical Percutaneous Hazard List
The next step in the prioritization approach is to use the previously described scores to generate a critical chemical list. Any chemical with a Toxic (Operational) Hazard Score greater than 10 and a Relative Probability Score greater than 1 is designated as critical. Table 8 shows the Critical Percutaneous Hazard Chemical List. 
Class-based Analysis of the Critical Percutaneous Hazard List
The next step in the prioritization process is to group the critical chemicals into like classes, to be followed by a reactivity and physical state analysis to allow further downselection.
NRL Class-based Approach
To mitigate the uncertainty in the probability section of the database, a class-based analysis is used to group the chemicals in the critical list. Part of the downselection process is to then select the highest scoring chemical within each group or class. The purpose is to ensure that representatives of all of the main chemical classes are selected for the high priority list; although a chemical may score low due to a low Toxic (Operational) Hazard Score or low Probability Score, it will still be represented in the final list. The class-based analysis is crucial to ensure that the risk management aspects of the prioritization approach select a high priority list of chemicals that can be used to represent the vast diversity of chemicals found in the global chemical industry.
The class-based analysis developed by NRL is based on fundamental chemical reactivity principles. Since any chemical reaction is based upon the flow of electrons to form or break bonds, using terms based on the following definitions provides definitive, chemistry-based classes. The five principal classes of chemicals are described below.
• Oxidizers: An oxidizer is a chemical that readily accepts electrons in a chemical reaction. This class contains compounds typically considered as "acid-gas forming," such as hydrogen chloride, and also chlorine, fluorine, hydrogen peroxide, and ozone.
• Reducers: This class of compounds consists of chemicals that readily donate electrons in a chemical reaction. This class includes the "hydride family," such as ammonia, phosphine, and arsine, as well as hydrazines and amines. Additionally, compounds that fall into this class include many reactive metals, such as sodium, arsenic, thallium, and mercury.
• Volatile Organic Compounds: These are simple organic compounds addressed separately as specific types of both inhalation hazards and contact hazards (certain compounds of this class are strongly degrading to plastics and coatings). They are widely produced and used in the production industry and have a high vapor density. This class includes compounds such as methylene chloride, benzene, carbon disulfide, and carbon tetrachloride.
• "ANY"-icides: This class of compounds includes pesticides, herbicides, and poisons developed for various agricultural or industrial uses. Through decades of undocumented production and transport of these compounds, the hazard posed by these compounds globally is difficult to quantify. Many of them are among the most toxic compounds listed in the NIOSH Pocket Guide to Chemical Hazards, and they are stable and readily dispersed. Therefore, this class of compounds is addressed separately.
• Self-polymerizers: Polymerizable compounds are capable of undergoing self-reactions that release energy. Some polymerization reactions generate a great deal of heat. The products of polymerization reactions are generally less reactive than the starting materials. The reaction tendency of these compounds makes them behave differently in the environment and with other materials when compared to simple organic compounds such as carbon tetrachloride or carbon disulfide. Typically, these compounds are flammable and react with both oxidizers and reducers.
This class includes phosgene, cyanogen chloride, formaldehyde, acrylonitrile, and methyl isocyanate.
It should be noted that for the purposes of test and evaluation, other class-based approaches are possible.
Downselection to the High Priority Percutaneous Hazard List
Building on the class-based analysis, chemical and environmental reactivity and byproducts are next considered, to downselect to a high priority list of chemicals. Reactions and byproducts -especially of chemicals that readily react with air or water -might result in a reduced health hazard, a different type of hazard, or an additional hazard being present rather than that of the parent compound. Chemicals that undergo such a transformation should not be selected for the high priority list.
Through class-based analysis and reactivity assessment of the critical percutaneous hazard list, certain chemicals are selected or not selected as high priority percutaneous hazards for the reasons documented below. The chemical analysis is based upon the environmental fate data and references summarized in the Appendix.
For considering percutaneous hazard, neither gases nor solids are selected. The highest ranking chemical within each class is selected, with preference given to either chemicals that score high due to their dermal corrosion score or to chemicals with a documented dermal LD 50 value.
1. Ammonia is selected (as ammonium hydroxide) as the highest scoring representative of the reducer class. Although it does not have a dermal LD 50 value, its dermal corrosivity gives it a dermal corrosion score of 4 out of 5.
2. Boron trifluoride is not selected since in the operational environment, it rapidly decomposes to hydrogen fluoride, which is already selected for the oxidizer class.
3. Sulfuric acid, in liquid form, is selected as the representative percutaneous hazard for multiple species such as sulfur trioxide, a variety of oleum concentrations, and "fuming" sulfur acid. For all of these compounds, the percutaneous hazard in the operational environment is that of sulfuric acid. It has a dermal corrosion score of 4 out of 5.
4. Formaldehyde has a twofold nature. Although in pure form, it is a volatile gas, it is most commonly shipped in solution form at concentrations of up to 37% in a solution of 10% methanol and 90% water. As such, it represents an ocular and inhalation hazard as well as a potential percutaneous hazard.
5. For the oxidizers, nitric acid also scores highly due to its unique reactive nature. Nitric acid is known to react not only with carbon-and silicone-based materials, but also with many types of metals and coatings. It has a dermal corrosion score of 5 out of 5.
6. Since pesticides/herbicides and fungicides are generally dispersed using an organic solvent at concentrations between 1% and 5% and are generally shipped in organic solvents at concentrations of 50% (using various types of light petroleum distillates or other volatile organic solvents), testing and modeling is focused on using a 5% organic solution. OMPA, or octamethyl diphosphoramide, is the highest scoring pesticide and is selected to represent the percutaneous threat of this class.
7. Although tetrachloroethylene is the highest scoring representative of the volatile organic class, its toxicity scoring is based on subcutaneous dermal LD 50 data, so it is not selected. Instead, ethylene dibromide is selected to represent this class because it has dermal LD 50 data based on rabbit testing.
The expansion of the chemical database resulted in the addition of two chemicals to the critical percutaneous list, as compared to the 2010 analysis: trimethylamine and hexafluoroacetone. Trimethylamine is in the reducing class and is isostructural with ammonium hydroxide, which is already selected; therefore, this chemical is not added to the high priority list. Hexafluoroacetone is of the same class as ethylene dibromide (simple organic) and so is not selected because a representative of this class is already selected. Table 9 lists the six high priority percutaneous hazard chemicals, chosen based on the above analyses. Note that scoring within this high priority list is not of primary importance, and the chemicals are simply listed in alphabetical order 
CONCLUSIONS
This report details the steps taken by NRL for JPM-P to develop a comprehensive, scientific prioritization of industrial chemicals that may pose percutaneous hazards. The main goal of this effort was to develop a high priority list of chemicals that comprehensively allows R&D and T&E to develop and test technologies for defensive purposes against industrial chemicals while significantly reducing the cost and burden of such activities. 7.00 5.00 0.00 6.00 2.00 2.00 0.00 9.00 8.00
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